JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 117, D07307, doi:10.1029/2011JD016863, 2012

Strato-mesospheric ozone measurements using ground-based
millimeter-wave spectroscopy at Thule, Greenland

Giovanni Muscari,' Claudio Cesaroni,' Irene Fiorucci,! Anne K. Smith,>
Lucien Froidevaux,® and Martin G. Mlynczak*

Received 13 September 2011; revised 28 February 2012; accepted 4 March 2012; published 13 April 2012.

[1] On January 2009 a ground-based millimeter-wave spectrometer (GBMS) was installed
at Thule Air Base (76.5°N, 68.8°W), Greenland, for long-term winter monitoring of several
stratospheric and mesospheric trace gases in the framework of the Network for the
Detection of Atmospheric Composition Change. This work is aimed at characterizing the
GBMS Oj vertical profiles between 35 and 80 km altitude obtained by applying the
optimal estimation method to O3 pressure-broadened spectral line measurements carried
out during three winters. In this altitude range, GBMS Oj; retrievals are highly
sensitive to variations of the atmospheric state, and their accuracy is estimated to be
the larger of 11% or 0.2 ppmv. Comparisons of GBMS Oj profiles with colocated
satellite-based measurements from Aura Microwave Limb Sounder (MLS) and
Thermosphere Ionosphere Mesosphere Energetics and Dynamics Sounding of the
Atmosphere using Broadband Emission Radiometry (SABER) show a good agreement
below 65 km altitude once the known 10%-20% high bias of SABER Oj3 profiles is
considered, with the GBMS displaying an averaged low bias of ~9% and 17% with
respect to MLS and SABER. In the nighttime mesosphere, the GBMS detects the
ozone tertiary maximum within 0.1 ppmv (6%) on average with respect to the
convolved MLS, SABER, and global 3-D ROSE model profiles but shifts its position
to lower altitudes by 4-5 km compared to the height obtained by the other three data
sets. In the 50-80 km altitude range, estimates of mesospheric O3 diurnal variation
obtained from the GBMS and the convolved satellite measurements agree well within

the +1 standard deviation (~0.6 ppmv) of the GBMS mean profile.
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1. Introduction

[2] Winter measurements of stratospheric and meso-
spheric constituents have been regularly carried out since
January 2009 from the Network for the Detection of Atmo-
spheric Composition Change (NDACC) station at Thule Air
Base (76.5°N, 68.8°W), Greenland, by means of a ground-
based millimeter-wave spectrometer (GBMS) designed and
built at the State University of New York at Stony Brook [de
Zafra, 1995; Di Biagio et al., 2010, and references therein].
The GBMS measures rotational emission spectra of atmo-
spheric chemical species such as O3, N,O, CO, and HNO3,
as well as the H,O continuum, with a spectral window of
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600 MHz tunable between approximately 230 and 280 GHz.
By means of the observed line shape, together with pressure
and temperature vertical profiles, a mathematical deconvo-
lution process exploits the pressure broadening of spectral
lines to determine the emitting molecule’s concentration as a
function of altitude from about 15 to 80 km. For water vapor,
only the integrated column density can be obtained [Fiorucci
et al., 2008].

[3] In this work we discuss the upper stratospheric and
mesospheric GBMS O; profiles obtained at Thule by
deconvolving the pressure-broadened emission lines at
264.925 and 276.923 GHz. These measurements were
never before compared with colocated data sets or model
results. In the past, the GBMS spectra were processed
using the Chahine-Twomey deconvolution technique [e.g.,
Cheng et al., 1996] or an iterative matrix inversion method
employing a vertical smoothing constraint [de Zafra et al.,
1997; Muscari et al., 2007]. Both methods are illustrated in
the work of Twomey [1977]. More recently, we updated the
retrieval algorithm used for inverting all the observed species
adapting the optimal estimation (OE) method [Rodgers,
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1976, 2000; Connor et al., 1995] to GBMS spectral data (for
the application to the HNO; data set, see Fiorucci et al.
[2011]). This effort is aimed at conforming GBMS retrie-
vals to the standard of the NDACC microwave group, and
providing our retrievals with a set of averaging kernels that
allow more straightforward comparisons with other data sets.

[4] Ozone plays a fundamental role in the chemical and
radiative processes of the middle atmosphere. In the meso-
sphere, the ozone budget is regulated almost entirely by the
absorption of ultraviolet radiation by O, and O3 (between
137 and 300 nm, in the Herzberg continuum, the Schumann-
Runge bands and continuum, and the Hartley band), and by
odd hydrogen (HO, = H'OH'HO,) catalytic cycles [e.g.,
Brasseur and Solomon, 2005]. Above the stratopause, the
ozone photochemical lifetime is short and photochemistry
prevails over transport as the main process regulating ozone
concentrations. In particular, at Northern Polar latitudes, as
the Sun rises just above the horizon, mesospheric O5 vertical
profiles shift from typical nighttime to daytime distribu-
tions in one and a half hours or less. During the long
Polar winter nights, however, O3 is not necessarily in
photochemical equilibrium in the upper stratosphere/
mesosphere and the intense dynamics that characterize
those regions can determine ozone concentrations. A
peculiar feature of high-latitude mesospheric O; mixing
ratio (vmr) vertical profiles is the so-called tertiary ozone
maximum, which has been detected by satellite- and ground-
based instruments and explained by means of modeling
efforts [e.g., Froidevaux et al., 1996; Marsh et al., 2001;
Hartogh et al., 2004].

[5s] Although there are about 70 NDACC stations over the
globe and many of them provide stratospheric ozone mea-
surements, at polar latitudes there are only two sites, Thule
and Ny Alesund (both in the Arctic), that are capable of
providing O; mixing ratio vertical profiles above 55 km.
Information on mesospheric O; concentrations at high lati-
tudes is therefore scarce, especially with respect to variations
that occur on time scales difficult to investigate using satel-
lite-based instruments (long-term, i.e., more than a few years,
or short-term, i.e., less than a few hours). In contrast to this
limited coverage, accurate ground-based O; measurements,
and measurements of diurnal ozone variations in particular,
can provide important observational constraints to the pho-
tochemistry and dynamics of atmospheric 3-D models,
especially at polar latitudes where atmospheric parameters
can reach unparalleled values. Reliable global atmospheric
models, in turn, are essential toward improving our under-
standing of middle atmospheric processes and are a necessary
tool for studies on ozone recovery and climate changing
scenarios. Additionally, consistent long-term ground-based
measurements are a unique tool for bridging between global
satellite-based measurements, either by cross-calibrating
them or by filling gaps in temporal coverage.

[6] This work will illustrate the main characteristics of the
GBMS mesospheric Oj retrievals from Thule, presenting the
adaptation of the OE method to GBMS Oj spectra. In order
to evaluate the quality of this data set, we compared GBMS
O; retrievals from 35 to 80 km altitude with coincident
measurements from the NASA Aura Microwave Limb
Sounder (MLS) instrument [Waters et al., 2006; Froidevaux
et al., 2008], from the Sounding of the Atmosphere using
Broadband Emission Radiometry (SABER) instrument on
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board the Thermosphere Ionosphere Mesosphere Energetics
and Dynamics (TIMED) satellite [Russell et al., 1999; Rong
et al., 2009], and with results from ROSE, a global three-
dimensional mechanistic chemical dynamical model [Smith
and Marsh, 2005, and references therein].

2. GBMS Instrumental Setup

[7] The GBMS observes millimeter-wave signals (230—
280 GHz range) arising from molecular rotational transi-
tions. It employs the power balancing technique, with a
rotating reflective semicircular chopper wheel switching
with ~1 Hz frequency from the reference beam pointing in
the zenith direction to the signal beam pointing between 10°
and 15° above the horizon. A dielectric sheet placed in the
reference beam compensates for the lower total power
received from atmospheric emission near the zenith, while a
servo mechanism continuously adjusts the signal beam angle
as atmospheric opacity changes, seeking to maintain power
balance in the two beams.

[8] After the signal is down-converted in frequency and
amplified, intensity versus frequency spectra are produced
by means of two Acousto-Optical Spectrometers (AOSs).
One AOS (wide band) has a total spectral range of 600 MHz
(that can be tuned anywhere between 230 and 280 GHz) and
a resolution of ~1.2 MHz/channel, while the second AOS
(narrow band) has a spectral window of 50 MHz tunable
within the range of the wide-band AOS, and a resolution of
~65 kHz/channel. Taking advantage of the dependence of
the emission line broadening on atmospheric pressure,
deconvolution algorithms allow the retrieval of mixing ratio
vertical profiles for the observed trace gases. In particular,
the combination of the wideband and narrowband spectro-
meters allows the retrieval of vertical profiles of atmospheric
constituents from approximately 15 to 80 km altitude with a
vertical resolution ranging from 10 to 12 km (see section 3).
At the observed frequencies, however, molecular emissions
from above ~60 km generate a line pressure broadening
which gradually (with increasing altitude) loses importance
with respect to the Doppler broadening (which depends on
frequency and temperature, not on pressure). The vertical
resolution of GBMS O3 vertical profiles therefore degrades
rapidly starting at ~65 km altitudes (see section 3).

[9] The GBMS measurements employed in this study are
obtained observing the pure rotational transition lines of O;
at 276.923 GHz or 264.926 GHz using only the narrowband
AOS. Moreover, since we focus here on the upper strato-
spheric/mesospheric O, the profiles discussed encompass
only the 35-80 km vertical region. All the spectral informa-
tion needed to deconvolve the Os lines are obtained from the
Jet Propulsion Laboratory (JPL) spectral catalog (available at
http://spec.jpl.nasa.gov) [Pickett et al., 1998], except for
the pressure broadening coefficients (2.330 MHz/hPa and
2.497 MHz/hPa for the 276.923 GHz and 264.926 GHz
lines, respectively) and their temperature dependence coeffi-
cient (n = —0.77) which are obtained from the HITRAN 2008
database (http://www.cfa.harvard.edu/hitran) [Rothman et al.,
2009]. Spectra are saved in 15 min integration time bins, and
then, when necessary in order to improve the signal-to-noise
ratio, they are further integrated in longer time bins during data
processing. When this occurs, the 15 min spectra to be aver-
aged together are first compared with one another to ensure
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that potential differences from spectrum to spectrum are well
within their noise level. During GBMS observations at
Thule, the atmospheric opacity ranged between 0.1 and
0.3 Nepers at 270 GHz and ground temperatures generally
stayed between —15 and —30°C. Further information on
the observing technique and the equations which govern it
are given by Parrish et al. [1988], de Zafra [1995], and
Fiorucci et al. [2008].

3. The GBMS O; Data Set

[10] The GBMS O3 measurements used in this study have
been obtained during the three winter campaigns carried out
at Thule during the first two or three months of 2009, 2010,
and 2011. As mentioned in the Introduction, the inversion
algorithm applied to all GBMS observed spectra (O;, HNO3,
CO, and N,0) has recently been changed to the optimal
estimation technique. Fiorucci et al. [2011] provide all the
details of this implementation and illustrate how this change
affected the existing GBMS HNO; data set. Extensive tests
aimed at evaluating how the change in retrieval algorithm
affected previously published GBMS data have also been
carried out for O spectra. Results (unpublished, 2010) show
an agreement between OE O; retrievals and previous anal-
yses better than the larger of 5% or 0.2 ppmv at all altitudes.
Here we will discuss only those aspects of the OE retrieval
technique that are unique to the GBMS Oj3 spectra involved
in this study. We redirect the reader to the work of Fiorucci
et al. [2011] and to many other discussions on the OE
method present in the literature [e.g., Connor et al., 1995;
Nedoluha et al., 1995; Coe et al., 2002] for all the stan-
dard equations (involved in the forward modeling, the a
priori contribution, the covariance matrices and retrieval
error characterization) essential to the application of this
algorithm.

[11] In im}olementing the OE, the values attributed to the
variances o, and o> (diagonal elements of the covariance
matrices of a priori profile and measured spectrum, respec-
tively) determine the contribution of the a priori profile and
of the spectral measurement to the retrieval. Very small
errors in the a priori profile strongly constrain the retrieved
profile to the a priori information, while large o, values (or
small 0,) lead to solutions relying mostly on the spectral
measurement and with a tendency to oscillate when o, is too
large (or o, too small) for the noise level of the spectrum.
For the analysis of GBMS data sets, both covariance matri-
ces are treated as adjustable parameters whose values are set
empirically by optimizing the performance of the retrieval
process in order to have the best possible resolution without
introducing ambiguous oscillations in the solutions [Parrish
et al., 1992; Fiorucci et al., 2011]. The parameter o is held
fixed across the spectrum, whereas the error on the a priori,
04 18 set to vary with altitude. Additionally, Fiorucci et al.
[2011] show that increasing measurement errors or
decreasing a priori uncertainties by the same factor leads to
analogous solution profiles and only the relative weight of
the two matrices, not the absolute value of their elements,
affects the retrieved profile.

[12] Ultimately, since the noise level of GBMS spectra
used in this study does not vary significantly from spectrum
to spectrum, we use the same o, value to invert all GBMS
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spectra. Conversely, since mesospheric O3 concentrations
are much more variable and unpredictable during nighttime
than during sunlit hours, two separate o, profiles for night-
time and daytime spectra (that differ only at mesospheric
altitudes) are employed. In Figure 1, analysis results for the
nighttime measurement of 22 February 2011 are presented.
The measured spectrum and the corresponding OFE generated
spectrum (almost perfectly matching and therefore hardly
visible as separate lines) are depicted in Figure 1d, their
difference is drawn in Figure le, the a priori and retrieved
profiles are shown in Figure la (dashed and solid lines,
respectively), and uncertainties associated with the retrieved
profile (see later discussion) are presented in Figure 1b.
Although the a priori O3 vmr profile shown in Figure 1a (for
the most part taken from the climatology of early winter at
high latitudes) is used for nighttime measurements only, it is
identical to the daytime a priori in the altitude range of
interest, that is, below 80 km altitude. The two profiles differ
only in the magnitude of the mesopause O; vmr peak at
92 km which is set at 6 ppmv during nighttime and 1 ppmv
during daytime. Furthermore, the specific a priori used for
retrieving GBMS profiles does not affect the comparison
with higher vertical resolution correlative data sets if the
latter are convolved using the averaging kernels and the a
priori adopted for the GBMS data analysis. Figures 1fand 1c
show the averaging kernels (AKs) and their full width at
half maximum (FWHM), respectively, with the latter used
as an indication of the vertical resolution of the retrieval up to
approximately 60—65 km. Upward of this altitude range,
Doppler prevails over pressure broadening and the AKs start
to display important secondary peaks leading to FWHM
values that are not a meaningful representation of the ver-
tical resolution [Connor et al., 1995]. It is worth pointing
out, however, that numerous tests have shown that the
inversion technique locates maxima of the O; mixing ratio
vertical profile (as well as that of other species) with an
accuracy that is better than what the FWHM value at the
altitude of a mixing ratio maximum would indicate. Empiri-
cally, we find that such an accuracy is well represented by
the distance between the peak altitude of a AK curve and the
nominal altitude for which the same AK is calculated.

[13] Each AK represents the sensitivity of the retrieval at a
given altitude to variations in Ojy at all altitudes. If the area
under each AK curve (dashed black line in Figure 1f, here-
inafter referred to as “sensitivity”) is close to unity then the
retrieval at that altitude is sensitive to variations of the
atmospheric state. For this reason, GBMS O; vmr profiles
discussed in this work should be considered for scientific
studies only at altitudes where the sensitivity is ~1.0 £ 0.2,
and Figure 1f suggests that this condition is fulfilled in the
altitude range 31-80 km. However, we confine the presented
intercomparison upward of 35 km because a separate set of
GBMS observations, obtained using the wideband AOS (see
section 2), are better suited for studying the lower strato-
sphere and will be discussed in a future publication.

[14] The uncertainties in the retrieved GBMS Oj; profiles
(see Figure 1b) are due to different sources: instrument cal-
ibration, data scaling, forward model parameters, measure-
ments noise and smoothing errors. Those related to the
calibration and data scaling procedures (e.g., errors in
receiver temperature and atmospheric opacity) are estimated
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Figure 1. Results from the inversion of a typical GBMS O3 measurement, carried out on 22 February
2011. (a) The a priori (dashed line) and the retrieved (solid line) profiles. (b) The error estimate, with
the dashed line indicating the uncertainty due to spectral noise, the dotted line indicating the 11% uncer-
tainty due to calibration, data scaling procedures, and uncertainties in the forward model parameters, and
the solid line being the sum in quadrature of the two errors. (c) An estimation of the retrieval’s vertical
resolution obtained by calculating the FWHM of the averaging kernels. (d) The spectral measurement
and the synthetic spectrum. (e) The residual obtained as the difference synthetic minus measurement spec-
tra. (f) The averaging kernels (solid lines) and the sensitivity parameter (dashed line). The FWHM line in
Figure lc is solid at altitudes where the FWHM is a meaningful representation of the vertical resolution; it
is dashed elsewhere. In Figure 1f the AKs corresponding to 30, 40, 50, 60, 70, and 80 km are indicated

with a thicker solid line.

to amount to 8% [Cheng et al., 1996; Parrish et al., 1988],
whereas the uncertainties related to parameters used in the
forward model calculation (e.g., spectroscopic parameters,
pressure and temperature vertical profiles) amount to a total
of 7%. These two sources of error added in quadrature result
in an overall £1o0 of ~11%. We consider spectroscopic
parameters as a source of systematic error, whereas pressure
and temperature vertical profiles cause random errors.
However, the uncertainties related to the calibration and data
scaling can be both systematic and random, most likely
systematic in the short term, due to specific weather condi-
tions that last from several days to weeks (e.g., a thermal
inversion that affects our estimate of tropospheric emission),
but random in the long run (e.g., over multiple field cam-
paigns) [e.g., Parrish et al., 1988]. We will consider these
latter uncertainties to be entirely systematic and conserva-
tively assume that all of the GBMS 11% uncertainty is of
systematic origin. The contribution of spectral measurement

noise to the uncertainty in the retrieved profile has been
assessed by means of the OE framework according to
Connor et al. [1995] [see also Fiorucci et al., 2011]. Finally,
the observing technique is characterized by a limited vertical
resolution and this is accounted for in the smoothing error.
Rodgers [2000] and Connor et al. [1995], however, warn
against the use of the smoothing error when an accurate
knowledge of the variability of the true state of the atmo-
sphere in not available. As a result, we do not include it in
our error estimate and refer to the GBMS Oj; profiles as a
smoothed representation of the true atmospheric O3 vertical
profiles. Furthermore, when comparing data sets with dif-
ferent vertical resolution, the smoothing error can be essen-
tially accounted for by convolving the higher-resolution
profile (in our case all the correlative data sets) with the AKs
of the lower resolution measurements (those of the GBMS).
Generally, the total uncertainty on the GBMS retrieved pro-
files, determined by adding in quadrature the errors due to the
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Figure 2. Averages of ROSE Oj profiles extracted for the
(a) SABER-GBMS comparison and the (b) MLS-GBMS
comparison. Solid and dashed lines indicate nighttime and
daytime profiles, respectively. ROSE averages associated
with the GBMS and with SABER data in Figure 2a (or with
GBMS and MLS data in Figure 2b) are not drawn differently.

different sources, is given by the larger of 11% or 0.2 ppmv
(Figure 1b), with small differences depending on observing
conditions.

4. Correlative Data Sets

4.1. Aura MLS

[15] The Earth Observing System (EOS) Microwave Limb
Sounder (hereafter indicated simply as MLS) was launched
in July 2004 into a Sun-synchronous near-polar orbit aboard
the Aura satellite [ Waters et al., 2006]. Aura MLS observes
many chemical species using five broad spectral regions
between 118 GHz and 2.5 THz. The version 3.3 (v3.3) MLS
Oj vertical profiles are obtained from the inversion of mea-
surements in the 240 GHz band. In the stratosphere and
above, v3.3 ozone profiles are very similar to the v2.2 pro-
files which are validated by Froidevaux et al. [2008] and are
recommended for scientific use only up to 0.02 hPa (~71—
73 km altitude), as they start to depend strongly on the a
priori profile at lower pressures. Some information, such as
average day/night differences, are, however, considered
reliable at higher altitudes. The vertical resolution of Aura
MLS Oj profiles degrades from 3 to 5.5 km going from 1
hPa (~45 km altitude) to 0.02 hPa, whereas the horizontal
(along track) resolution improves from 450 to 200 km in the
same vertical range. The cross-track resolution is fixed at
6 km, and it is due to the MLS field of view at 240 GHz.
Table 3.17.1 in the v3.3 MLS data quality document (http://
mls.jpl.nasa.gov/data/datadocs.php) shows that MLS O
profiles have a single-profile precision of 0.2 ppmv at 1 hPa

MUSCARI ET AL.: ARCTIC STRATO-MESOSPHERIC OZONE PROFILES

D07307

which degrades to 1.4 ppmv at 0.02 hPa [see also Froidevaux
et al., 2008, Table 2]. On the basis of the validation work of
Froidevaux et al. [2008] and Boyd et al. [2007], MLS O
v2.2 (and therefore v3.3) upper stratospheric and meso-
spheric measurements agree within 10% with satellite-based
and ground-based measurements.

4.2. TIMED SABER

[16] The Sounding of the Atmosphere using Broadband
Emission Radiometry (SABER) instrument is on board the
Thermosphere Ionosphere Mesosphere Energetics and
Dynamics (TIMED) satellite which was launched in
December 2001 into a Sun-synchronous circular orbit with
an inclination of 74.1° [Russell et al., 1999]. SABER pro-
vides global observations of several chemical species and
measures ozone profiles from 15 to 100 km by limb scan-
ning the atmosphere at 1.27 ym and 9.6 yum. SABER has an
along-track resolution of 375 km (but less than 100 km for
the altitude range of interest here) and a vertical resolution
better than 2 km. Version 1.07 O3 measurements have a
precision of 1%—2% in the stratosphere and 3%—5% in the
lower mesosphere. Rong et al. [2009] compared SABER O3
with several correlative data sets (e.g., SBUV/2, MIPAS,
MLS, and SAGE II) and results show that SABER O3 is
biased high from the middle stratosphere to the lower
mesosphere in all comparisons. During nighttime at high
northern latitudes (50°—90°N), this high bias ranges from 10
to 25% going from 35 to 60 km altitude and then decreases
to 15% at 70 km with respect to MIPAS [see Rong et al.,
2009, Figure 12]. In an analogous comparison with MLS
O3 [Rong et al., 2009, Figure 15], SABER Oj is biased high
by 10%-20% in the altitude range from 35 to 55 km but
shows a good agreement (within 5%) at 70 km. Smith et al.
[2008] compare nighttime SABER and GOMOS O; and find
SABER high biased by ~25% at 75 km altitude but in good
agreement with GOMOS at 80 km, where the O3 minimum
is located. Finally, all the comparisons reported by Rong
et al. [2009] indicate that SABER describes the lower
mesospheric Oz diurnal variability very well.

4.3. ROSE

[17] ROSE is a global three-dimensional mechanistic
model simulating dynamics and chemistry in the middle
atmosphere. The current 2004 version is an evolution of the
original model developed by Klaus Rose and Guy Brasseur
[Smith and Marsh, 2005, and references therein]. ROSE
solves for the concentrations of 29 chemical species over a
fixed grid spaced 5° in latitude and 11.25° in longitude. It
covers pressure levels from 90 hPa to 5 x 10> hPa (~17—
188 km altitude), with ~2.5 km of vertical resolution. ROSE
computes concentrations of chemical species taking into
account a total of 118 gas-phase, heterogeneous, and pho-
tolysis reactions with a time step of 7.5 min. Almost all of
the reaction rate coefficients are taken from a JPL catalog
[Sander et al., 2003]. The ROSE grid points that surround
Thule are 77.5°N, 67.5°W; 77.5°N, 78.75°W; 72.5°N,
67.5°W; and 72.5°N, 78.75°W.

5. Intercomparisons’ Criteria

[18] The GBMS measures only one chemical species at a
time and its spectral passband must be tuned to a different
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Figure 3. (a, ¢) Nighttime O3 mean profiles of GBMS (blue solid lines), convolved MLS (red solid line,
Figure 3c), convolved SABER (magenta solid line, Figure 3a), and convolved ROSE coincident with
GBMS measurements (green solid line, Figures 3a and 3c). Dashed blue lines (Figures 3a and 3c) depict
the GBMS O; uncertainty shown in Figure 1b, whereas the dash-dotted red, magenta, and green lines
depict the +1 standard deviation of the mean of MLS, SABER, and ROSE, respectively. (b, d) The
corresponding absolute differences between the mean values shown in Figures 3a and 3c¢. Solid lines indi-
cate the differences (red for MLS-GBMS, green for ROSE-GBMS, and magenta for SABER-GBMS) with
the corresponding +1 standard deviation of the mean differences indicated with dash-dotted lines.

frequency each time a different chemical species is to be
observed. As GBMS operations are aimed at daily observa-
tions of four species (O3, CO, HNO;, and N,O), the time
devoted to each species is limited and coincidences with
satellite observations can be sparse. Generally, O; is
observed twice daily, one time at around noon and a
second time during nighttime, for a total of 4-6 h of
integration. Since GBMS winter campaigns last for approx-
imately 6 weeks, and each winter there have always been
about 7-10 days of poor weather and/or instrumental mal-
functioning, we can count on a total of 178 O; profiles over
the three years.

[19] We compare GBMS O; profiles with concurrent
MLS, SABER, and ROSE profiles, convolved using the
GBMS averaging kernels to account for the lower vertical

resolution of GBMS measurements. The MLS-GBMS and
SABER-GBMS matches are independent from one another
and occur largely on different dates. Generally, comparisons
during transition times between night and day were avoided
by observing the evolution of GBMS 15 min spectra and the
time evolution of ROSE profiles at the closest grid point to
the GBMS observations. If any of the two data sets pre-
sented significant variations within +1 h we did not take the
correspondent GBMS measurement into consideration for
the comparison. In what follows, as the selection process
applied to MLS and SABER data is analogous, we will
generically refer to both of them as “satellite.”

[20] We first selected the satellite/GBMS coincidences
and then, for each match, extracted the two ROSE profiles
on grid points the closest (in space and time) to the satellite
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Figure 4. Same as Figure 3 but for daytime profiles. The SABER mean profile (Figure 4a) and
corresponding SABER-GBMS difference (Figure 4b) should be approached with caution, being an aver-

age of only two coincidences.

profile and to the GBMS mesospheric observations. In
general, although each pair of satellite and GBMS profiles
used in the comparison meets our coincidence criteria, they
are often the closest to different ROSE grid points. Similarly,
if the satellite passage is one hour away from the starting
time of a GBMS integration, the two corresponding profiles
have their best temporal match with ROSE profiles at dif-
ferent times. For this reason, for each pair of matching sat-
ellite and GBMS profiles we have a pair of ROSE profiles,
one being the closest in time and space to the GBMS profile
and the other one to the satellite profile. As an additional
check aimed at making sure that comparisons were not
affected by O; diurnal changes, we intercompared the two
ROSE profiles and verified that their differences were
smaller than 0.5 ppmv (see also the standard deviation of the
ROSE mean profiles depicted in Figures 3 and 4). If this was
not the case, the satellite/ GBMS coincidence data point
was discarded. Our coincidence criteria between GBMS
and satellite data are +2° latitude, £10° longitude (and
maximum distance of 300 km), and £1 h. For matching

GBMS and ROSE, as well as satellite and ROSE, the
spatial requirements are the same but the time requirement
is narrowed down to £0.5 h. The use of two separate sets
of ROSE profiles for each comparison (MLS-GBMS and
SABER-GBMS), one associated with the GBMS data and
the other associated to the satellite data under consider-
ation, provide us with an independent evaluation of the
validity of the chosen coincidence criteria. In order to
clarify this aspect, Figure 2 shows averages of all the
ROSE profiles used in the intercomparisons (divided into
GBMS daytime matches, GBMS nighttime matches, sat-
ellite daytime matches, and satellite nighttime matches). In
Figure 2a, the nighttime averages (solid lines) and daytime
averages (dashed lines) of ROSE profiles extracted in
coincidence with GBMS measurements and with SABER
retrieved ozone using the 9.6 pum measurements are
depicted. Similarly, in Figure 2b we report averages of
ROSE profiles that are coincident with MLS measure-
ments. Each pair of nighttime and daytime profiles match
each other very closely and we did not mark differently
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Figure 5. (a) SABER original/higher-resolution (dashed
lines) and convolved (solid lines) averaged nighttime and
daytime profiles. (b) Analogous profiles for MLS.

the two averages matching GBMS from those matching
MLS or SABER O;.

[21] All the selected GBMS profiles were separated in two
groups: apparent daytime and apparent nighttime profiles.
We specify “apparent” because in this context we are not
interested in showing the relationship between Sun exposure
and Oj concentration, but we only aim at evaluating sys-
tematic differences among the 4 data sets that may be found
in the two different cases encountered: typical daytime and
typical nighttime profiles. In fact, given the peculiar location
and exposure to sunlight of air masses passing over Thule,
owing to the high latitude of the site, to the season when the
field campaigns occurred, and to the active dynamics typical
of the winter Arctic middle/upper atmosphere, a straight-
forward separation of the two cases simply based on solar
zenith angles would not suffice. GBMS vertical profiles
considered apparent daytime profiles are those with values
always below 1 ppmv between 60 and 80 km altitude, that is,
those profiles which do not present any sign of a tertiary
ozone peak. All the remaining selected GBMS profiles are
apparent nighttime profiles and display a tertiary ozone vmr
peak larger than 1 ppmv between 60 and 80 km altitude.
Ultimately, the comparison with MLS can count on a total of
34 GBMS profiles, 17 representative of the daytime and 17
representative of nighttime conditions. For the comparison
between GBMS and SABER, a total of 20 coincidences are
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obtained, 18 during nighttime and only 2 coincidences dur-
ing daytime. Given the extremely small number of daytime
matches with SABER, these specific comparisons should be
approached with caution.

6. Discussion

6.1. Data Intercomparisons

[22] In Figures 3a and 3c the averages of nighttime pro-
files of all the intercompared data sets are shown (see
Figure 3 caption for details). The averages of the three cor-
relative data sets are obtained by averaging the original/
higher-resolution profiles after having convolved each pro-
file using the averaging kernels of the matching GBMS
profile. From the ROSE data set only the averages of profiles
matching the GBMS observations are represented, as
Figure 2 already showed that they are consistent with ROSE
averages matching satellite data. It is worth stressing that the
+1 standard deviations of the mean of MLS, SABER, and
ROSE profiles (dash-dotted lines in Figures 3a and 3c)
include the natural variability of the atmosphere and are not
an indication of the precision of the three data sets. O nat-
ural variability can be particularly large in the stratosphere
where the position and strength of the polar vortex (unac-
counted for in the selection process leading to the averaged
profiles of Figures 3a and 3c) greatly affect the O3 concen-
tration observed above Thule. Figures 3b and 3d illustrate
the absolute differences between the convolved correlative
data sets and GBMS O3, with dash-dotted lines indicating
+1 standard deviation of the mean difference. Figure 4 is
analogous to Figure 3 but for daytime profiles. In order to
illustrate the effect of convolving satellite and model profiles
with GBMS averaging kernels, in Figures 5a and 5b both the
averages of the higher-resolution profiles (dashed lines) and
the averages of the convolved profiles (solid lines) of
SABER (Figure 5a) and MLS (Figure 5b) are shown. From
comparing the higher resolution and the convolved averages
in Figure 5 we gain confidence in the capability of the
GBMS averaging kernels to resolve the ozone tertiary
maximum, even though a “formal” GBMS vertical resolu-
tion larger than 12 km at 70 km altitude (see Figure Ic)
might have suggested otherwise.

[23] The intercomparison results reported in Figures 3 and
4 suggest that the ROSE model is, on average, biased high
from the middle stratosphere to the stratopause in the
northern high latitudes during winter. This appears to be true
with respect to all the other data sets discussed here. With
respect to GBMS Os, this averaged bias reaches a maximum
value of ~2 ppmv at 45 km altitude (Figures 3 and 4) and it
is evident in the altitude range above the region where het-
erogeneous reactions take place (i.e., above ~30 km) and
below the atmospheric levels where O3 diurnal variations
start to be significant. This suggests that the stratospheric
dynamics in ROSE might be the reason for this high bias
(see later for further discussion).

[24] MLS and GBMS O; profiles agree well from 35 to
65 km (Figures 3¢ and 4c), with the GBMS being in most
cases lower than MLS. Overall, the GBMS O; low bias
amounts to ~9% when averaged in the 35-65 km altitude
range. The agreement is good also in the daytime meso-
sphere (Figure 4d), where the difference is small and well
within GBMS uncertainties. The GBMS and SABER
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Figure 6. Series of all the matching data points from the four data sets at three critical altitudes: (a) 68 km,
(b) 45 km, and (c) 35 km. Coincidences among GBMS (gray area covering O3 + 10), MLS (solid squares),
and ROSE (open circles) O are arbitrarily displayed with a coincidence number from 1 to 34; matches of
GBMS, SABER (solid diamonds), and ROSE O; are displayed with a coincidence number from 36 to 55.
The only two daytime GBMS-SABER matches are coincidences 54 and 55.

nighttime Oj; profiles below 60 km altitude differ by a
larger amount than the MLS - GBMS difference (compare
Figures 3b and 3d). We recall, however, that SABER O;
is known to be biased high by 10%-20% in the altitude
range from 35 to 55 km (see section 4.2) and this accounts
for the difference observed with respect to the GBMS.
[25] In the nighttime mesosphere (Figures 3a and 3c),
GBMS retrievals indicate the regular formation of the ter-
tiary ozone maximum, even though it was not included, on
purpose, in the O; vmr a priori profile (Figure 1a). The ter-
tiary ozone peak from all the data sets plotted in Figure 3 is
estimated to be between 1.7 and 2 ppmv, with GBMS
measurements displacing its altitude downward by 4-5 km
with respect to all other data sets. This results in the GBMS
O3 values being biased low with respect to the correlative
data sets in the 70-80 km altitude range by a quantity that
increases with altitude and tops at 0.8 ppmv near 80 km.
[26] In order to further discuss some of the results found in
Figures 3 and 4, in Figure 6 we show all the available O;
vmr values at the three most interesting altitude levels for the
comparison GBMS/MLS/ROSE (34 matches) and the

comparison GBMS/SABER/ROSE (20 matches). As the
coincidences found are scattered over three winter cam-
paigns, it would be meaningless to display these values
versus time, and in Figure 6 we simply numbered the GBMS
versus MLS coincidences from 1 to 34 and the GBMS ver-
sus SABER coincidences from 36 to 55, separating the two
sets with a dotted vertical line (at #35). The GBMS O3
values are represented with a gray band which accounts for
GBMS O3 vmr +10 (11% or 0.2 ppmv), ROSE values are
depicted with empty circles, MLS and SABER values are
represented with solid squares and diamonds, respectively.
In Figure 6¢ (35 km altitude) we notice that ROSE values are
rather steady and do not follow the variations displayed by
the other three data sets. This behavior is confirmed in
Figures 3b and 3d and Figures 4b and 4d, where, although
the difference at 35 km between ROSE and GBMS Os is
comparable to the MLS-GBMS and SABER-GBMS differ-
ences, the 1o of the ROSE-GBMS difference is significantly
larger than those found in the MLS versus GBMS and
SABER versus GBMS O3 comparisons. We attribute this
result to the dynamics in the ROSE model which may not
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Figure 7. Profiles of night minus day average differences
for each data set. GBMS, MLS, and ROSE diurnal O5 differ-
ences are indicated with solid lines: GBMS in blue, MLS in
red, and ROSE in green. SABER (to be considered with cau-
tion since it uses the daytime mean calculated using only two
profiles) is indicated with a magenta dashed line. GBMS and
ROSE profiles included in the night minus day averages are
only those matching MLS data. The night minus day profiles
of the correlative data sets are obtained from the averages of
convolved data. Only the +1 standard deviation of the
GBMS mean night minus day difference is depicted (using
blue dashed lines) for clarity.

match the extremely high activity that characterizes the
Arctic winter middle atmosphere. Figure 6b (45 km altitude)
shows a different picture, with ROSE O values largely
variable but systematically larger than values from the other
three data sets (see also Figures 3 and 4). In winter, middle
atmospheric ozone forms essentially at lower latitudes and is
then transported to the Arctic region. This suggests that the
observed discrepancies at 45 km could be due to problems
with the mean circulation in the ROSE model, where the
poleward component of the circulation around 40-55 km
may be too strong or the downward component at around the
same altitudes too weak.

[27] Figure 6 shows that GBMS O; measurements at all
levels are very well correlated with both satellite data sets.
At 68 km (Figure 6a), where photochemistry plays a key role
in determining O3 concentrations, O; modeled values from
ROSE are very well correlated with the measurements.

6.2. Mesospheric O; Diurnal Variation

[28] In Figure 7, the difference between the convolved
nighttime and daytime profiles is shown. Solid lines repre-
sent the GBMS (blue), MLS (red), and ROSE (green) O;
night minus day differences, the dashed magenta line
represents the corresponding SABER difference, and the
dashed thin blue lines indicate the +10 of the GBMS dif-
ference profile (for clarity we omitted all the others) calcu-
lated as the sum of the standard deviations of the mean
nighttime and daytime GBMS profiles. The SABER pro-
file should be approached with caution as it relies on the
daytime average which is based only on 2 coincidences
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with GBMS. For the same reason, and in order to con-
sistently compare GBMS, MLS, and ROSE results, GBMS
and ROSE profiles that went into the averages of Figure 7
are only those matching MLS data. However, including
profiles matching SABER measurements to the GBMS
and ROSE nighttime and daytime averages would have a
small impact on the average differences shown in
Figure 7. Figure 7 shows that all four data sets agree well
on the average night to day variation of mesospheric Os,
with GBMS, MLS, and SABER measurements displaying
the same peak magnitude of ~1.6 ppmv. Being closely
related to the formation of the ozone tertiary maximum
(see Figures 3a and 3c), also the GBMS diurnal variation
profile shows a peak height 4 km below those determined
by the other data sets (at 67 km altitude compared to the
71 km of MLS, SABER, and ROSE).

[29] Once it has been established the capability of GBMS
measurements to detect the peak of diurnal ozone variations
without any a priori knowledge of the tertiary ozone maxi-
mum (see the a priori profile in Figure la), it is useful to
evaluate the improvements that a more realistic a priori O;
vmr vertical profile (i.e., one that characterizes at best the
atmospheric state) could bring to GBMS estimates of the
mesospheric diurnal variations. For this purpose, nighttime
GBMS spectra have also been inverted using an a priori
identical to that shown in Figure 1a except for the addition of
an O3 vmr Gaussian profile centered at 71 km altitude and
with a peak of 1.5 ppmv. The altitude of this peak was
inferred from the average (not convolved) MLS and SABER
O; nighttime profiles and from the literature [Marsh et al.,
2001; Hartogh et al., 2004]. The obtained GBMS O; diur-
nal variation profile is shown in Figure 8 with a thick solid
blue line, whereas the profile obtained in the previous
analysis (the one of Figure 7) is indicated with a thin solid
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Figure 8. Similar to Figure 7 but the GBMS O; difference
is now calculated from nighttime GBMS O; vmr vertical
profiles obtained using a more realistic a priori (see text).
Additionally, the night minus day profiles of MLS, SABER,
and ROSE are calculated from averages of the original/
higher-resolution (not convolved) data. The GBMS diurnal
difference of Figure 7 is also indicated with a thin solid
blue line.
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blue line. The original/higher-resolution MLS, SABER,
and ROSE diurnal O; difference profiles are also depicted
in Figure 8. The new GBMS diurnal variation profile
peaks at 69 km altitude with a difference night minus day
of 1.8 £ 0.6 ppmv. This result resembles closely the
higher-resolution diurnal variation profiles of the two sat-
ellite data sets, considered in this case (MLS in particular)
a good representation of the true state of the atmosphere.
In fact, MLS and SABER night minus day values are
enclosed within the GBMS upper standard deviation curve
(rightmost dashed blue line in Figure 8) at nearly all meso-
spheric altitudes. This suggests that, if a valid description of
the atmospheric state is adopted in the O3 vmr a priori pro-
file, the daily evolution of the tertiary ozone peak is very
well captured by the GBMS both in size and altitude.

7. Summary

[30] The GBMS was setup at the NDACC Arctic station
located at Thule Air Base, Greenland, in January 2009 and
has accomplished three winter campaigns of several strato-
spheric and mesospheric trace gas measurements since then.
Concurrently, the retrieval algorithm adopted for inverting
the GBMS spectral measurements has been changed and is
now an adaptation of the optimal estimation method which is
the most widely used technique within the atmospheric
microwave remote sensing community in general and the
NDACC microwave groups in particular. In this work we
examined the GBMS Oj retrievals from 35 to 80 km altitude
obtained by using only one of the two GBMS back-end
spectrometers, the narrowband AOS (50 MHz passband,
65 kHz resolution). We will discuss the retrievals obtained
using the wideband AOS (vertical profiles from 15 to 45 km)
in a future publication.

[31] The GBMS retrievals shown in Figure 1 were
characterized in section 3 that described their uncertainty,
their vertical resolution and sensitivity, and showed the
remarkable quality of the spectral measurements. We then
proceeded with comparing the GBMS O3 profiles with
MLS, SABER and ROSE O; colocated profiles, intro-
ducing these correlative data sets and discussing the criteria
adopted for selecting their vertical profiles in sections 4
and 5, respectively.

[32] Figures 3, 4, and 6 show the results of these inter-
comparisons. The GBMS agrees well with MLS measure-
ments in the stratosphere and lower mesosphere. It displays a
negative bias which is within the GBMS uncertainties at all
altitudes and amounts to ~9% when averaged over altitudes
below 65 km. An apparent larger difference is found
between GBMS and SABER O; profiles. The agreement
between the two data sets is however comparable to or better
than the agreement between GBMS and MLS once the
results take into consideration the known 10%-20% high
bias of SABER stratospheric and lower mesospheric O;
profiles [Rong et al., 2009; Smith et al., 2008]. Figure 6
shows that GBMS O3 values at three key altitudes are very
well correlated with MLS and SABER results, whereas
ROSE O; values suggest that the dynamics implemented in
the model may need tuning.

[33] In the nighttime mesosphere, GBMS measurements
proved to be capable of detecting the ozone tertiary maxi-
mum without any forcing from the O; vmr a priori profile.
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All the smoothed data sets find the magnitude of the tertiary
ozone peak to be between 1.7 and 2 ppmv, with GBMS
measurements locating it at a lower altitude with respect to
the other data sets by 4-5 km. Similarly, GBMS, MLS, and
SABER Oj; nighttime minus daytime average profiles
(Figure 7) show a diurnal variation peak value of ~1.6 ppmv,
with the GBMS peak altitude shifted downward by 4 km. If
the a priori information for the analysis of GBMS spectra is
improved to better describe the atmospheric state at night,
and therefore a small tertiary maximum is added to the O;
vmr a priori profile, the reanalyzed ground-based data pro-
duces a diurnal variation profile (Figure 8) with a peak
of 1.8 = 0.6 ppmv located only 1 or 2 km below the
altitude indicated by the higher-resolution satellite-based
measurements.

[34] This intercomparison work indicates that the GBMS
Oj; retrievals and the GBMS measurements of the diurnal
variation of mesospheric O; at the high northern latitudes of
Thule are a valid contribution to the NDACC database and a
valuable asset for validating numerical models and satellite-
based measurements.
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